The formation of interfaces between magnesium ͑Mg͒ and the organic molecular semiconductor tris͑8-hydroxy-quinoline͒ aluminum (Alq 3 ) is studied via ultraviolet photoemission spectroscopy. The morphology and electronic structure of Mg-on-Alq 3 and Alq 3 -on-Mg interfaces are compared. The energy of the Alq 3 molecular levels is determined in both cases with respect to a reference Fermi level as a function of interface formation. The difference in injection characteristics between the two interfaces is examined in terms of differences in interface morphology and of electronic gap states induced by the diffusion of Mg at the Mg/Alq 3 interface.
I. INTRODUCTION
Magnesium ͑Mg͒ alloyed with silver ͑Ag͒ forms an efficient electron injecting contact on organic semiconductors, in particular tris͑8-hydroxy-quinoline͒ aluminum (Alq 3 ) ͑Fig. 1͒, and is extensively used in organic light-emitting diodes. 1 The low work function of Mg ͑3.7 eV͒ presumably results in a small barrier for electrons between the metal Fermi level (E F ) and the lowest unoccupied molecular orbital ͑LUMO͒ of the organic film. Ag adds chemical stability, Mg being highly reactive and oxidizing rapidly in a noninert atmosphere. Ag is also believed to increase the sticking coefficient of Mg. However, the basic electronic property of the interface, i.e., the small barrier for electron injection, is due to Mg.
Looking at Mg/Alq 3 as a classic example of a metalorganic semiconductor interface, it is clear that several fundamental issues deserve attention. One is whether the electrical behavior of a metal-organic contact is determined mostly by intrinsic properties, like the energy offset between electronic levels of the two materials, or by extrinsic factors, like interface roughness, chemistry-induced defects, or doping of the organic layer due to interdiffusion. Investigations of carrier tunneling at metal-polymer interfaces have demonstrated current-voltage characteristics which depend much more on intrinsic properties of the two solids, like the metal work function, 2 than for metal-inorganic semiconductor interfaces. On the other hand, investigations via photoemission spectroscopy have shown that chemical reactions and interdiffusion can and do take place at organic interfaces and have a profound impact on the contact characteristics, in particular, when the interface is formed by depositing the metal on top of the organic material. [3] [4] [5] [6] As a result, these contacts may be significantly different from those obtained by reverse deposition sequence. The difference originates from the greater potential for chemical reaction and interdiffusion when the hot metal atoms are evaporated on the soft organic surface. The asymmetry affects the fabrication of stacked multilayer devices, which involves both types of depositions.
A second fundamental issue is whether ''ideal'' metalorganic interfaces follow the classical Schottky-Mott rule; that is, electronic levels align across the interface according to the difference between the work function of the metal ( M ) and the ionization energy ͑IE͒ or electron affinity ͑EA͒ of the organic material. This would lead to electron and hole injection barriers equal to M ϪEA and M ϪIE, respectively. Such a behavior has been disproved for most interfaces of covalently bound inorganic semiconductors, 7 but could be expected to prevail for interfaces between weakly interacting solids, like a van der Waals-bonded organic molecular film deposited on a metal surface. However, recent photoemission investigations of metal/organic 8, 9 and organic/ organic heterojunctions 10, 11 show substantial deviations from the ideal case and demonstrate that surface states and interface dipoles must be taken into consideration to explain electronic structures at organic interfaces.
These issues underline the need for fundamental studies of the basic mechanisms which control the formation and behavior of metal/organic interfaces. In this paper, we present a detailed ultraviolet photoemission spectroscopy ͑UPS͒ study of interfaces formed by evaporating Mg on Alq 3 , i.e., Mg/Alq 3 , or Alq 3 on Mg, i.e., Alq 3 /Mg. The two deposition sequences are shown to produce markedly different interfaces. In both cases, the injection barrier for electrons and the interface dipole barrier are determined throughout the formation of the interface.
II. EXPERIMENT
The growth of the organic layers, the metal deposition, and the UPS measurements are performed in interconnected preparation and analysis ultrahigh vacuum chambers ͑base pressure 10 Ϫ10 Torr͒. The organic films are grown by molecular beam evaporation from a quartz cell loaded with prepurified Alq 3 and heated at 200-250°C. The substrates are gold films deposited on Si wafers and kept at room temperature during deposition. The rate of Alq 3 deposition is monitored by microbalance ͑density of Alq 3 ϭ1.55 g/cm 3 is kept below 100 Å to prevent charging during photoemission. Mg is deposited from a small pyrolitic boron nitride cell following thorough degassing to eliminate the oxide. The UPS measurements are performed with a He discharge lamp and a double-pass cylindrical mirror analyzer. The resolution achieved with the He II (hϭ40.8 eV) radiation line and a pass energy of 5 eV is 0.15 eV. At each step of interface formation, the valence band and the onset of photoemission are recorded. The onset, which represents the vacuum level (E vac ), is measured with aϪ3 V bias on the sample to clear the vacuum level of the detector.
III. RESULTS AND DISCUSSION
The bottom spectrum of Fig. 2 shows the valence frontier states of pure Alq 3 measured with He II. The position of the Fermi level (E F ), measured before deposition on the gold substrate, is indicated by a dashed vertical line. The Alq 3 spectrum consists of a series of well-defined peaks typical of molecular levels, reflecting mostly orbitals at low binding energy and increasing -like character at higher binding energy. Calculations have shown that the highest occupied molecular orbital ͑HOMO͒ is located on the phenoxide side of the quinolate ligand of the molecule. 12 The lowest binding energy point of the valence states, i.e., E V , is measured by linear extrapolation of the high-kinetic-energy side of the HOMO peak and is found at 2.1Ϯ0.05 eV below E F . Given that the thickness of the undoped organic film is too small to sustain significant ''band bending,'' the position of the HOMO is also in good agreement with the value obtained for the Alq 3 /Au ͑substrate͒ interface. 8 Features above the HOMO in the energy gap in this and subsequent spectra are replicas of the valence states due to the weak He III radiation line from the discharge lamp (hϭ48.4 eV). The ionization energy of Alq 3 , measured with photoemission as IEϭhϪ(E ϪE onset ) where E onset is the onset of photoemission ͑not shown here͒, is equal to 5.85Ϯ0.2 eV. Taking the optical gap ͑2.7 eV͒ as the HOMO-LUMO gap, one obtains an electron affinity EAϭ3.15Ϯ0.2 eV, about 0.55 eV smaller than the Mg work function. Note that IE is 0.05-0.1 eV smaller than in previous investigations. 10, 11, 13 Reasons for these fluctuations are unclear at this point. We believe that the morphology of these amorphous surfaces and the configuration of the surface molecules can vary as a function of deposition conditions and have an impact on the measured vacuum level.
The deposition of Mg attenuates the Alq 3 features ͑Fig. 2͒, but all the molecular peaks remain identifiable. No evidence of metallic Mg, like a Fermi edge or a spectrum line shape equivalent to that obtained for the Mg substrate ͑bot-tom of Fig. 3͒ , is obtained even with a nominal coverage of 28 Å. Auger electron spectroscopy and core-level x-ray photoemission spectroscopy data ͑not shown here͒ confirm that Mg is present but does not accumulate at the surface of the film in the early stages of deposition. The adatoms diffuse into the Alq 3 matrix and produce a broad interface. The spectral changes due to the Mg deposition are in the HOMO line shape, the appearance of a new electronic feature above the HOMO in the Alq 3 gap, and the 0.5Ϯ0.1 eV rigid shift of all valence states toward higher binding energy. We assume here equilibrium between the surface of the organic film and the substrate. All the photoemission experiments performed under similar conditions using thin Alq 3 , PTCDA ͑3,4,9,10 perylenetetracarboxylic dianhydride͒ or CBP 4,4Ј-N,NЈ-dicarbazolyl-biphenyl films show that the Fermi edge of metallic overlayers align with the Fermi level of the substrate, 5, 6, 14, 15 and thus validate the above assumption. In spite of the fact that we cannot see a Mg Fermi edge due to the diffusion of the adatoms into the film, we are confident that the position of the Fermi level measured on the Au substrate is also that of E F at the surface of the film. Consequently, we can reference the Alq 3 HOMO to E F and conclude that the Mg-induced shift leads to a new position of the HOMO at 2.6Ϯ0.1 eV below E F . The shift occurs with the first 4 Å Mg and remains constant throughout the Mg deposition.
The reverse deposition sequence, i.e., Alq 3 /Mg, produces a considerably more abrupt interface. Figure 3 shows the development of the Alq 3 UPS features with as little as 4 Å Alq 3 ͑about 1 ML͒, the elimination of the Mg line shape at 8 Å, and the saturation of the organic valence peaks at 18 Å. The energy position of the molecular peaks is established with the first 4 Å film and remains unchanged thereafter. The top of the HOMO, which can be measured on the 8 or 18 Å spectra in Fig. 4 , is at 2.5Ϯ0.1 eV below E F . Interestingly, the Mg-induced gap peak seen in the previous case does not appear at this interface.
The physical difference between the two interfaces is typical of metal-organic interfaces and is understood, in first approximation, as due to differences in heat of adsorption and surface bond strength. In the metal-on-organic case, the hot metal atom impinging on the organic film releases enough condensation energy to disrupt the weakly bonded van der Waals solid and diffuse below the surface. In the organic-on-metal case, the strongly bonded metal surface constitutes a stable barrier for the low-energy organic molecule and no diffusion of metal atoms into the organic film is expected. However, previous experiments suggest that the process is somewhat more complicated and depends, in particular, on chemical reaction and charge exchange between the metal species and the organics. As an example, In and Al react with and diffuse into PTCDA. 5, 6 Core-level spectroscopy shows that these metal atoms are oxidized by the endgroup oxygen atoms of the molecule and give up a fraction of an electronic charge. Au and Ag on PTCDA, 5 and Al and In on Alq 3 , 14 on the other hand, do not react with the organic molecule, remain neutral, and form abrupt interfaces in spite of heats of adsorption similar to those of the ''reactive'' metals. In the present case, the electronic gap state induced by the deposition of Mg on Alq 3 ͑Fig. 2͒ is attributed to a strong Mg-molecule interaction involving the ionization of the metal atom. One possibility is that Mg attaches to one of the quinolate ligands of the molecule ͑Birch reduction͒, 16 giving up in the process a charge to the molecular system. Whether Mg diffuses originally as a neutral atom and undergoes oxidation in the bulk, or initially gives up an electron to the Alq 3 matrix because of its very low ionization energy and then diffuses as an ion, is yet to be determined. Mg can also interact with other constituents of the molecule, in particular oxygen. Core-level photoemission spectroscopy should provide further information on this system. In any case, the excess charge and presence of Mg presumably leads to a conformational change of the molecule with formation of a polaronlike state in the original gap of the material, as has been suggested for other metal/organic interfaces.
3 This is The interface dipole barrier ⌬ϭ0.2 eV is shown in ͑b͒. Also in ͑b͒, there is a slight discrepancy between (Mg)ϩ(E F ϪHOMO)ϭ6.2 eV and IE͑Alq 3 ͒ϩ⌬ϭ6.05 eV. The discrepancy is presumably due to experimental uncertainty.
consistent with pushing E F higher in the gap in the interdiffusion region and moving all valence states toward higher binding energy, as observed in Fig. 2 . The absence of gap states at the abrupt Alq 3 /Mg interface also rules out in this particular case the mechanism by which the tailing of metallic wave functions on the first few molecular layers could induce and populate such a gap state. A direct interaction between isolated Mg and the molecule, reminiscent of a true doping mechanism, appears to be necessary. The onset of photoemission gives the position of the vacuum level. It is not displayed in the Mg/Alq 3 case because the interface is very diffused. The notion of relative position of vacuum levels across such an interface loses much of its meaning. However, the measurements show that the E vac of Alq 3 increases by 0.15 eV with 28 Å Mg, while the molecular levels shift by 0.5 eV toward higher binding energy ͑Fig. 2͒. The net result is that IE increases by roughly 0.65 eV. This is contrary to what can be expected from the deposition of a low-work-function metal on a semiconductor surface. Indeed, numerous examples involving inorganic semiconductors show that the adatom loses a ͑fractional͒ electronic charge to a polarized bond with the solid and induces a dipole, which lowers the ionization energy. 7 In the present case, however, the reverse effect could be consistent with the presence of Mg ϩ ions beneath the molecular surface, inducing dipoles in the opposite direction. For the Alq 3 /Mg case, Fig. 3 shows a 0.2Ϯ0.1 eV rise of E vac from Alq 3 to Mg across the interface, indicating the presence of a small interface dipole barrier, which corresponds to a positive charge on the Alq 3 and a negative charge on Mg. The shift occurs over several molecular layers, however, the real width of the charge-exchange region is difficult to pinpoint because the morphology of the film is unknown and the sticking coefficient of Alq 3 on Mg may not be unity. Interface dipole barriers as large as 1 eV at organic/metal interfaces 8 and 0.5 eV at organic/organic heterojunctions 10, 11 have been found recently. The present results confirm that the assumption of E vac alignment at organic interfaces is an oversimplification. The position of the HOMO following the formation of the interface shows that the nominal ''barrier'' for electron injection, i.e., E F -to-LUMO distance, is basically the same (Ϯ0.1 eV) in both cases ͑Fig. 4͒. The alignment of the energy levels in thermodynamic equilibrium appears to be an intrinsic property of the two boundary materials. Furthermore, the barrier is small if one approximates the HOMO-LUMO transport gap with the optical gap ͑2.7 eV͒. 17 However, the data reported above also show that the nature of the interface depends on the deposition sequence. This has an impact on the behavior of the contact. In particular, the Mg/Alq 3 contact is known to be more efficient in terms of electron injection than the Alq 3 /Mg contact. 18 The difference stems from the diffused interface and the gap states in the Mg/Alq 3 case, which improve the ''Ohmic'' character of the contact by providing defects and gap-state-assisted tunneling and hoping. ''Doping'' of this interface region through the Mg-Alq 3 charge exchange is also likely.
IV. SUMMARY
We have used ultraviolet photoemission spectroscopy to investigate vacuum deposited Mg/Alq 3 and Alq 3 /Mg interfaces. Mg is found to diffuse rapidly into Alq 3 when deposited on the organic film, leading to a broad ''doped'' interface. New electronic gap states are induced by the diffusion of Mg. The Alq 3 /Mg interface, on the other hand, is abrupt. A 0.2 eV shift between the Mg and Alq 3 vacuum levels is found at this interface. Electron barriers determined by photoemission are nearly identical for the two interfaces. The higher electron injection efficiency of the Mg/Alq 3 interface with respect to the Alq 3 /Mg interface is, therefore, attributed to enhanced conduction due to gap states and ''doping'' in the diffused interface region.
